Abstract
Glaucoma and optic neuropathies cause progressive and irreversible degeneration of retinal ganglion cells (RGCs) and the optic nerve and are currently without any effective treatment. Previous research into cell replacement therapy of these neurodegenerative diseases has been stalled due to the limited capability for grafted RGCs to integrate into the retina and project properly along the long visual pathway to reach their brain targets. In vivo RGC regeneration would be a promising alternative approach but mammalian retinas lack regenerative capacity even though cold-blood vertebrates such as zebrafish have the full capacity to regenerate a damaged retina using Müller glia (MG) as retinal stem cells.
Nevertheless, mammalian MG undergo limited neurogenesis when stimulated by retinal injury. Therefore, a fundamental question that remains to be answered is whether MG can be induced to efficiently regenerate functional RGCs for vision restoration in mammals. Here we show that without stimulating proliferation, the transcription factor (TF) Math5 together with a Brn3 TF family member are able to reprogram mature mouse MG into RGCs with exceedingly high efficiency while either alone has no or limited capacity. The reprogrammed RGCs extend long axons that make appropriate intra-retinal and extra-retinal projections through the entire visual pathway including the optic nerve, optic chiasm and optic tract to innervate both image-forming and non-image-forming brain targets. They exhibit typical neuronal electrophysiological properties and improve visual responses in two glaucoma mouse models: Brn3b null mutant mice and mice with the optic nerve crushed (ONC).
Together, our data provide evidence that mammalian MG can be reprogrammed by defined TFs to achieve robust in vivo regeneration of functional RGCs as well as a promising new therapeutic approach to restore vision to patients with glaucoma and other optic neuropathies.
Glaucoma is a neurodegenerative disorder characterized by progressive and irreversible degeneration of RGCs and the optic nerve, and is the second leading cause of blindness worldwide (1, 2) . Despite its discovery almost a century and half ago(3), there is currently still no effective treatment for glaucoma. In vivo RGC regeneration would be an ideal therapy but mammalian retinas are thought to lack regenerative capacity. In spite of this, the MG have been shown unambiguously to serve as retinal stem cells to repair injured retinas in zebrafish (4, 5) . Similarly, mammalian MG display stem cell-like/late retinal progenitor features, e.g. having a molecular signature similar to late retinal progenitors (6, 7) , exhibiting limited proliferative and neurogenic capacity in damaged retinas (8) (9) (10) (11) (12) , and transdifferentiating into rods by a combination of b-catenin and TFs (13) . We sought to harness the stem cell-like property of MG to regenerate RGCs in vivo by TF-directed reprogramming. During murine retinogenesis, the bHLH TF Math5/Atoh7 is transiently expressed in a subset of retinal progenitors and required for conferring them with the competence of RGC generation(14-16) ( Fig. 1A ). Previously, we and others have demonstrated the expression of the POU-domain transcription factor Brn3b/Pou4f2 in RGC precursors and its crucial function in RGC specification and differentiation(16-21) ( Fig. 1A) .
We thus investigated the ability of the Math5 and Brn3b TF combination to reprogram adult mouse MG into RGCs.
MG-specific expression of TFs was achieved by a GFAP promoter (22) in the adenoassociated viruses (AAVs, serotype 9 or shH10) injected intravitreally or subretinally into the adult mouse eyes ( Fig. 1B) . Two weeks after injection, MG infected with GFAP-GFP AAVs displayed typical Müller cell morphology; however, the great majority of MG infected with GFAP-Math5-Brn3b-GFP AAVs changed their morphology, lost MG processes spanning the inner and outer retinal layers and migrated into the ganglion cell layer (GCL) (Fig. 1C ). They were immunoreactive for RGC markers Rbpms or Brn3a and occasionally for the amacrine cell marker Tfap2a/2b, but not for the Müller cell marker Sox9 (Fig. 1C ). Quantification of immunoreactive cells revealed that the Math5 and Brn3b combination reprogrammed infected MG into 92.8% Rbpms+ RGCs, 67.9% Brn3a+ RGCs, and 6.3% Tfap/2a/2b+ amacrine cells, whereas MG infected with control GFP AAVs remained as 100% Sox9+
Müller cells ( Fig. 1G ). Single Brn3b factor did not exert any reprogramming effect although single Math5 TF converted infected MG into 11.9% Rbpms+ RGCs, 6.6% Brn3a+ RGCs, and 14.8% Tfap/2a/2b+ amacrine cells (Fig. 1C, G) . These results indicate that Math5 together with Brn3b are able to reprogram mature MG into RGCs with exceedingly high efficiency whereas either TF alone has no or limited capacity.
To further confirm MG reprogramming to RGCs by Math5 and Brn3b, we generated a Brn3b-GFP reporter mouse line in which GFP was simultaneously expressed with Brn3b to specifically mark most RGCs (Fig. 1D, F) . Thus, most MG-derived RGCs in this line would be labeled by the GFP reporter. Indeed, within the GCL of retinas infected with GFAP-Math5-Brn3b-tdTomato AAVs, the majority of tdTomato-positive cells were also immunoreactive for GFP as well as Rbpms, whereas in control retinas, tdTomato-positive cells remained immunoreactive for Sox9 but negative for either GFP or Rbpms (Fig. 1E ).
Quantification of immunoreactive cells showed that 58.1% and 68.2% of tdTomato-positive cells were co-immunoreactive for GFP, 7 and 14 days post-infection with GFAP-Math5-Brn3b-tdTomato AAVs, respectively ( Fig. 1H ), confirming that RGCs were efficiently reprogrammed from MG by the action of both Math5 and Brn3b and that the reprogramming process was completed in a week in most cases. We next investigated whether MG proliferation was stimulated by Math5 and Brn3b before MG reprogramming took place. Endogenous RGC axons project along a stereotypic visual pathway to connect to their appropriate central targets in the brain (23) . We investigated whether MG-derived RGCs had the ability to form axons that follow the same pathway. At 3-4 weeks following infection of the adult retina by GFAP-Math5-Brn3b-tdTomato AAVs, numerous tdTomatoimmunoreactive RGCs were observed on the vitreous surface of the retina, which extended axons that were fasciculated into many thick axon bundles immunoreactive for Tuj1 ( Fig To evaluate the functionality of regenerated RGCs, we attempted to reprogram MG into RGCs in adult Brn3b AP/AP knockout mutant mice where 70-80% of RGCs are lost (17, 24) ( Fig. 3 ). On the vitreous surface of mutant retinas infected with GFAP-tdTomato AAVs, except for numerous tdTomato-positive MG endfeet, there were no RGCs and axon bundles labeled by tdTomato ( Fig. 3B, C) . By contrast, in mutant retinas infected with GFAP-Math5-Brn3b-tdTomato AAVs, many tdTomato-immunoreactive RGCs were present and these regenerated RGCs extended numerous tdTomato-positive axon bundles that exhibited proper projection to the optic disc ( Fig. 3D-G) . Moreover, these nerve fibers navigated all the way through the optic nerve, optic chiasm and optic tract whereas no tdTomato-positive axons were seen in the control optic nerve ( Fig. 3H-K) . Overall, there was two to three-fold increase of RGCs in the central, intermediate and peripheral regions in retinas infected with GFAP-Math5-Brn3b-tdTomato AAVs (Fig. 3L, M; fig. S2 ). Thus, similar to in wild-type retinas, RGCs can be efficiently reprogrammed from MG in Brn3b AP/AP null mutant retinas as well.
To determine whether we reprogrammed MG into functional RGC neurons, we carried out whole-cell patch-clamp recording of RGCs in Brn3b-GFP reporter mouse retinas infected with GFAP-Math5-Brn3b-tdTomato AAVs, where most reprogrammed RGCs should be labeled by both tdTomato and GFP reporters. Indeed, we found cells that displayed both red and green fluorescence in the GCL (Fig. 4A) , and that the great majority of them (10 out 4E ). Quantification showed that the amplitudes of the VEP response peaks from the treated eyes were increased by ~ 67% compared to those from the control eyes (Fig. 4F ).
Additionally, we recorded VEPs from Brn3b AP/AP mice infected with GFAP-Math5-Brn3b-tdTomato AAVs (treated) or GFAP-tdTomato AAVs (control). In agreement with the loss of approximately 70% RGCs in Brn3b knockout animals (17) , the control mutant eyes gave only small VEP responses (Fig. 4G) . Again, the light stimulus triggered stronger VEP responses from the treated eyes, with the response amplitudes increased by ~ 44% compared to control eyes (Fig. 4H) , consistent with the observed increase of RGCs in the treated retina ( Fig. 3) .
Given the demonstrated expression of all three Brn3 TF family members in RGCs Our data together demonstrate that mature MG, even without activation by injury or proliferation-stimulants, can be reprogrammed by developmentally-pertinent TFs to robustly generate functional RGCs. This is in contrast to previous observation of neurogenesis and rod generation by murine MG, which does require prior MG activation (8) (9) (10) (11) 13) 
